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It  is shown t h a t  i n t e r s t e l l a r  g r a p h i t e  g r a i n s  w i l l  

r a d i a t e  rad io-noise  wi th  a dependence of i n t e n s i t y  on 
frequency of vma, where 0.5 < a 1. a is a parameter 

. 

ZGW 
depending on t h e  g r a i n  geometry. A d ipo le  moment is se t  up /E,  

‘ X i A  i n  a g r a i n  which is moving ac ross  t h e  magnetic f i e l d  by M H  
t t c i  

t h e  a s s o c i a t e d  e lec t r ic  f i e l d  a c t i n g  on carriers of t h e  I = &  
9 4  

conduct ion band. The d ipo le  o s c i l l a t e s  because t h e  g r a i n s ,  
which are s t r o n g l y  a n i s o t r o p i c  i n  t h e i r  e l e c t r i c a l .  
c o n d u c t i v i t y ,  a r e  r o t a t i n g ,  t h e  r o t a t i o n  be ing  a t  r a d i o  
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between the  g r a i n s  and t h e  gas .  The o s c i l l a t i n g  d ipo le  Lpi 
t hen  r a d i a t e s .  I n t e g r a t i o n  over t h e  s ize  d i s t r i b u t i o n  and ! 
t h e  r o t a t i o n  d i s t r i b u t i o n  g ives  t h e  i n t e n s i t y  of t h e  emit ted no 
r a d i a t i o n  as a f u n c t i o n  of t h e  magnetic f i e l d ,  t h e  v e l o c i t y  

. through the f i e l d ,  t h e  number of g r a i n s  and t h e  gas temperat 
Wi-th g r a i n s  i n  100°K i n t e r s t e l l a r  c louds having a v e l o c i t y  
component ac ross  the magnetic f i e l d  of t h e  c louds’  random 
v e l o c i t y ,  t h e  observed g a l a c t i c  non-thermal rad io-noise  
i n t e n s i t y  is ob ta ined  wi th  a magnetic f i e l d  of lom6 gauss .  
The r a d i a t i o n  is p a r t i a l l y  p o l a r i z e d .  
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The non-thermal 
was first a t t r i b u t e d  

component of t h e  g a l a c t i c  rad io-noise  
t o  synchro t ron  r a d i a t i o n  from r e l a t i v i s t i c  

e l e c t r o n s  moving through t h e  g a l a c t i c  magnetic f i e l d  by 
Kiepenhauer (1950). The synchro t ron  mechanism has s i n c e  
been r e f i n e d  by a number of i n v e s t i g a t o r s .  It  has become 
widely accep ted ,  and is used t o  de r ive  v a r i o u s  p r o p e r t i e s  
of the galaxy. Wolt je r  (1962) de r ives  a magnetic f i e l d  
i n t e n s i t y  i n  t h e  p l ane  of the  galaxy of - 3 x gauss. 
S p i t z e r  (1962) has shown t h a t  a magnetic f i e l d  of t h i s  s t r e n g t h  
places a number of s e r i o u s  r e s t r i c t i o n s  on the dynamics of t h e  
i n t e r s t e l l a r  media, and t h a t  it might a l s o  produce more than  
t h e  observed alignment of i n t e r s t e l l a r  g r a i n s .  We propose a 
mechanism for non-thermal g a l a c t i c  radio-emission which r e q u i r e s  
a magnetic f i e l d  i n t e n s i t y  t h a t  is l e s s  by an o rde r  of 
magnitude. 

t reated by Erickson (1957). We suggested t h a t  t he  g r a i n s  
niight have e i ths r  psrmament QT s t a t i s t i c a l  d ipo le  moments 
and t h a t  s i n c e  t h e y  s p i n  r a p i d l y ,  could be cons idered  t o  form 
r o t a t i n g  d i p o l e s  I _  which - w -  t hen  ra_Q&a,;$, Hzs, d, f&$&jjg &gfia@d 

The problem of. radio-emission Prom r o t a t i n g  g r a i n s  was 

om ma- 
J;.v. l . i  mai%%$iinifig the l%t&t iQna l  energy of the  g r a i n s .  Consider- 

able  p rogres s  has  been made s i n c e  then  i n  s p e c i f y i n g  t h e  p h y s i c a l  
p r o p e r t i e s  of i n t e r s t e l l a r  g r a i n s .  ’We s h a l l  show t h a t  i n t e r -  
s t e l l a r  g r a i n s  composed of g r a p h i t e  f lakes  w i l l ,  under p h y s i c a l  
cond i t ions  t o  be expected i n  t h e  i n t e r s t e l l a r  med ia ,  r a d i a t e  
s u f f i c i e n t  radio-energy w i t h  t he  observed spec t ra l -energy  
d i s t r i b u t i o n .  

I n  Sec t ion  11 it w i l l  be shown t h a t  a g r a p h i t e  g r a i n  
which is moving a c r o s s  the g a l a c t i c  magnetic f i e l d  has a n  
i n d u c e d  d i p o l e  moment which changes i n  magnitude and d i r e c t i o n  
as the  g r a i n  r o t a t e s .  The expres s ion  der ived  f o r  t h i s  d i p o l e  
moment w i l l  t hen  be used i n  Sec t ion  III where t h e  power radiated 
w i l l  bo computed as a f u n c t i o n  of f requency fo r  a d i s t r i b u t i o n  
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of g r a i n  sizes.  I n  Sec t ion  I V  the as t ronomica l  c o n s i d e r a t i o n s  
are d i scussed .  

11. GRAPHITE GRAINS AND THEIR DIPOLE MOMENTS 

Graphi te  is a c r y s t a l  form of carbon w i t h  a d i s t i n c t i v e  
s t r u c t u r e  i n  which t h e  carbon atoms are chemical ly  bound i n  
layers  of hexagon r i n g s ,  these I;ayers being stacked p a r a l l e l  
t o  each o t h e r .  There is only weak p h y s i c a l  binding between 
t h e  layers  and s o  one layer  may e a s i l y  s l i d e  over another .  
However, t h e  chemical b inding  between t h e  atoms w i t h i n  a 

b 

l a y e r  makes each layer  q u i t e  s t r o n g .  This  an i so t ropy  i n  
s t r u c t u r e  is  re f lec ted  i n  a n i s o t r o p i e s  i n  most o t h e r  p h y s i c a l  
and chemical p r o p e r t i e s  of t he  c r y s t a l .  Most no tab ly ,  t he  
e l e c t r o n s  i n  the conduction band of one l a y e r  a r e  free t o  
move i n  t h a t  l a y e r ;  i . e . ,  t h e  r e s i s t a n c e  is low p a r a l l e l  
t o  t h e  layers ;  however, e l e c t r o n s  are i n h i b i t e d  from f lowing 
perpendicular  t o  t h e  layers by a r e s i s t a n c e  of t he  o rde r  of 
a thousand times as g r e a t  as the  layer r e s i s t a n c e .  Th i s  
anisotropy w i l l  be seen t o  be e s s e n t i a l  t o  t h e  mechanism 
discussed  here. 

i n t e r p r e t e d  (Stecher and Donn 1965) as meaning t h a t  the ‘ 

i n t e r s t e l l a r  abso rp t ion  is caused by g r a p h i t e  f lakes ,  which, 
i f  t reated mathematical ly  a s  sphe res ,  have a $h most f r e q u e n t  
r a d i u s  of 6 x lom6 c m ,  and a t o t a l  number dens i ty  of 3 x l O - l ’ ~ m - - ~ .  
We expec t  t h a t  a t  l e a s t  some of t he  g r a p h i t e  g r a i n s  w i l l  be 
i n  t he  form of p l a t e s  so t h a t  the a n i s o t r o p i e s  w i l l  be 

The e x t i n c t i o n  measurements of S techer  (1965) have been 

1 

s t r o n g l y  p r e s e n t .  
We now examine the  p o s s i b l e  mechanisms f o r  product ion  of 

a d i p o l e  moment i n  such a g r a p h i t e  g r a i n ,  when it  is moving 
through the  i n t e r s t e l l a r  magnetic f i e l d ,  and r o t a t i n g  w i t h  
angular  e n e r g i e s  given under “Le cond i t ion  of e q u i p a r t i t i o n  by 



where w is t h e  angular  v e l o c i t y  i n  r a d i a n s  per  second, I is 
t h e  moment of i n e r t i a  about t h e  a x i s  of r o t a t i o n ,  k is t h e  
Boltzman c o n s t a n t ,  and T is t h e  temperature  i n  K of t h e  gas  
surrounding t h e  g r a i n .  

c m ,  3 x 1 0 - ~ c m ,  i n  a IOOOK, <gas, equat ion  (1) g ives  
angular  v e l o c i t i e s  of 5 x 10 
3 x. 10 rad .  s-I. These angular  v e l o c i t i e s  would of course  . 
be greater f o r  f l a t  plates o f  hal f  l eng th  equal  t o  t he  r a d i u s .  

of a g r a i n  which is moving wi th  v e l o c i t y  V a t  some unspec i f i ed  
ang le  t o  the g a l a c t i c  magnetic f i e l d  B exper iences  an  e f f e c t i v e  
electric f i e l d  

0 

For spher ica l  g r a i n s  of r a d i i  lom5 c m ,  

5 8 rad.  s-l, 10 rad.  s-', and 
9 . 

An e l e c t r o n  l o c a t e d  by vec to r  r from t h e  c e n t e r  of mass - 
- 

- 

due t o  the Lorentz  f o r c e s .  We s h a l l  cons ider  only cases i n  
which I V l  
f i e l d  of v ~ B / c ,  where V L i s  the  component of the  t r a n s l a t i o n a l  
v e l o c i t y  V perpendicular  t o  - B. 

Three methods are apparent for t h e  establishing of a 
d i p o l e ,  F i r s t ,  w e  cons ider  a g r a i n  which has an  excess  e l e c t r o n  
on its s u r f a c e .  I f  it is f ree  t o  move on the  s u r f a c e  then  
it w i l l  pos ses s  k i n e t i c  energy equiva len t  t o  the g r a i n  
temperature .  The e lectr ic  f i e l d  is not  s u f f i c i e n t  t o  l o c a l i z e  
t he  e l e c t r o n  which may make very many t r a n s i t s  of t he  g r a i n ' s  
s u r f a c e  dur ing  the course of one r o t a t i o n  of the g r a i n .  As 
f a r  as emission of r a d i a t i o n  is concerned, t h e  e l e c t r o n  does 
not  produce a d ipo le  moment. If t h e  e l e c t r o n  is no t  free t o  
move, t hen  i ts  t r a n s l a t i o n a l  motion as p a r t  of the  g r a i n  mere ly  
e x e r t s  a torque  which tends  t o  cause p recess ion  of the  r o t a t i o n  
a x i s .  The a c c e l e r a t i o n  it experiences because of the r o t a t i o n  
is small. 

The second method of product ion of a d ipo le  moment 
makes use  of t he  an i sQt ropy  of the p o l a r i z a b i l i t y .  The 

x rl and concern ourse lves  w i t h  an  electric - - -  

M 

" t .  



electric f i e l d  E a c t i n g  on t h e  g r a i n  
P given  by 

- .  
- 

produces a p o l a r i z a t i o n  

where ff is t h e  p o l a r i z a b i l i t y .  As t h e  g r a i n  r o t a t e s  i t  
p r e s e n t s  t o  the e l ec t r i c  f i e l d  a p o l a r i z a b i l i t y  vary ing  
between a 
p a r a l l e l  t o  t h e  l a y e r s  of the graphi te ,  and Ut 
perpendicular  p o l a r i z a b i l i t y .  Thus, a d i p o l e  moment equ iva len t  
to (au - a ~ )  E appears  and d isappears  as t h e  g r a i n  r o t a t e s .  
This  o s c i l l a t i n g  d ipo le  w i l l  r a d i a t e  ehergy ,  Making u s e  of 
t he  p r i n c i p l e  of a d d i t i v i t y  of bond p o l a r i z a b i l i t i e s  (see e .  g. 
Hirschfelder,  C u r t i s s ,  and B i r d  1954) w e  estimate aII 
f o r  our g r a p h i t e  g r a i n s ,  bu t  f i n d  t h a t  t h i s  leads t o  a smaller 

and ffL , where a is t h e  p o l a r i z a b i l i t y  
is t h e  

II la . 

- 

and 

d i p o l e  moment than  one which could supply the  observed radiated 
power. 

The above d i scuss ion  of t h e  p o l a r i z a b i l i t y  makes u s e  of 
t h e  fac t  t h a t  the e l e c t r o n s  i n  t h e i r  o r b i t s  round t h e  carbon 
nuc le i  are per tu rbed ,  and measures t h e  e f f e c t  of t h e  per turba-  
t i o n .  I n  g r a p h i t e ,  the  n-e lec t rons  are not  l o c a l i z e d  t o  
s p e c i f i c  carbon atoms, bu t  form a valence band from which 

e l e c t r o n s  may be t r a n s f e r r e d  t o  the  conduction band and be 
moved under an  e lectr ic  f i e l d .  We now examine t h e  effect  of 
the e lectr ic  f i e l d  on the  conduction band e l e c t r o n s  and on 
the  ho le s .  Because of t h e  r o t a t i o n ,  t h e  g r a i n  sees not  t he  
s t a t i c  e lectr ic  f i e l d  V, E/c b u t  an a l t e r n a t i n g  f i e l d .  The 
response  t i m e  of t he  conduction band e l e c t r o n s  and holes  
( c o l l e c t i v e l y  known as  carriers) is very s h o r t  ( K i t t e l  1956) 
and w e  r ega rd  them as obeying t h e  f i e l d  ins tan taneous ly .  

a component E a long  t h e  g r a p h i t e  c rys ta l  l a y e r s ,  cause the  

carriers t o  move under t h e  f o r c e  e E .  However, the  motion 
is impeded by t h e  r e s i s t a n c e  of t he  g r a i n ,  and a carrier v e l o c i t y  
is a t t a i n e d  which is p ropor t iona l  t o  E, the cons t an t  of 

When an  e lec t r ic  ‘ f i e l d  is tu rned  on ,  it w i l l ,  i f  it has 
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p r o p o r t i o n a l i t y  being the  m o b i l i t y ,  p. Due t o  t h i s  carrier 
v e l o c i t y  an  opposing e lec t r ic  f i e l d  is se t  up i n  t h e  g r a i n  
which, i f  t h e  o r i g i n a l  f i e l d  were suddenly removed, would tend 
t o  r e s t o r e  t h e  g r a i n  t o  the  o r i g i n a l  s t a t e .  If t h e  imposed f i e l d  
were maintained f o r  a s u f f i c i e n t l y  long  t i m e  t hen  the c a r r i e r s  
would d r i f t  w i t h  t h e  v e l o c i t y  p{E-E( induced) 3 u n t i l  t h e  
opposing induced e lec t r ic  f i e l d  is equal  t o  t h e  app l i ed  f i e l d  
and t h e  s i t u a t i o n  becomes s t a t i c .  For t h e  s i t u a t i o n  w e  
c o n s i d e r ,  however, t h e  t i m e  t o  a t t a i n  t h i s  equ i l ib r ium may be 
of t h e  o rde r  of seconds which is many o r d e r s  of magnitude 

. 

l a r g e r  t han  i n  t h e  case where there is no r e s i s t a n c e ,  i .e .  
t h e  t i m e  t o  e s t a b l i s h  an e x t e r n a l  f i e l d .  

I n  the  c a s e  w e  are cons ider ing  of t h e  g r a i n s  r o t a t i n g  
w i t h  r a d i o  f r equenc ie s  i n  an e f f e c t i v e  e lectr ic  f i e l d ,  t h i s  

f i e l d  acts only f o r  very  s h o r t  pe r iods  of t i m e ,  <10’6s, 
During t h i s  t i m e  the  carriers w i l l  be d i sp laced ,  bu t  because 
of t h e  l i m i t a t i o n  of t h e  motion by t h e  mobi l i ty  t h e  opposing 
f i e l d  e s t ab l i shed  thereby  w i l l  be completely n e g l i g i b l e  
compared t o  the  a p p l i e d  f i e l d .  T h i s  means t h a t  t he  app l i ed  
f i e l d  c o n t r o l s  t h e  motion of t h e  e l e c t r o n s :  even i f  the 
app l i ed  f i e l d  is ins t an taneous ly  z e r o ,  the opposing f i e l d  is 
t o o  weak t o  act  apprec iab ly  on the  c a r r i e r s .  

L e t  u s  now cons ider  i n  d e t a i l  what happens i n  the  c a s e  
of a r o t a t i n g  r o d ,  the a x i s  of r o t a t i o n  being perpendicular  
bo th  t o  t h e  rod  and t o  t h e  e lec t r ic  f i e l d .  The carriers a r e  
presumed free t o  move a long  t h e  l e n g t h  of t h e  r o d ,  bu t  no t  
perpendicular  t o  i t;  s o  t h a t  t h e  rod  behaves w i t h  t he  same 
an i so t ropy  as g r a p h i t e .  I n  F ig .  I (a)  a r e  displayed e i g h t  
p o s i t i o n s  of the  rod as it r o t a t e s  through a complete cycle. 
Whatever the d i s t r i b u t i o n  of carriers is ii p o s i t i o n  (l),  then 
as the  rod r o t a t e s ,  t he  e lec t r ic  f i e l d  g ives  a v e l o c i t y  t o  the 
carriers,  e s t a b l i s h i n g  a d i p o l e  moment, t h i s  v e l o c i t y  i n c r e a s i n g  
t o . a  maximum at p o s i t i o n  (3) and f a l l i n g  t o  zero a t  p o s i t i o n  (5). 
There is, t h e r e f o r e , ,  a maximum displacement of t h e  carriers a t  

. ., 



p o s i t i o n  ( 5 ) .  
the  carriers an oppos i t e  v e l o c i t y  which r e t u r n s  them t o  
tfieir p o s i t i o n s  a t  t h e  s t a r t .  Therefore ,  t o  an  observer  
s i t u a t e d  i n  t h e  g r a i n ,  a d i p o l e  moment is es tab l i shed  and 
destroyed dur ing  t h e  cyc le  i n  a way d e p i c t e d  i n  F ig .  I(b), 
(which has t h e  same t i m e  sca le  a s  Fig.  I(a)). 

o u t s i d e  t h e  g r a i n  t h e  s i t u a t i o n  is not  so  s imple.  The 
d i p o l e  moment does indeed reach a maximum as t h e  g r a i n  
r o t a t e s ,  bu t  the o r i e n t a t i o n  of t h i s  d ipo le  a l s o  changes. 
F ig .  I ( c )  is meant t o  show how t h i s  happens. I t  is seen  
t h a t  as t h e  r a d i u s  vec to r  from t h e  c e n t e r  of the  circle 
r o t a t e s  w i t h  t h e  g r a i n ,  t h e  i n t e r c e p t  of t h e  r a d i u s  w i t h  t he  
c a r d i o i d  g ives  t he  r e l a t i v e  magnitude of t h e  d ipo le .  We 
may t h e r e f o r e  w r i t e  the magnitude of t h e  d ipo le  moment as 

The second ha l f  of the c y c l e  s e r v e s  t o  g ive  

However, t o  an observer  i n  a f i x e d  frame o f  r e f e r e n c e  . 

Po i s  t h e  maximum d i p o l e  induced i n  t h e  g r a i n  r e l a t i v e  t o  

of c a r r i e r s  i n  t he  g r a i n  m u l t i p l i e d  by t h e  average displacement .  
Now s i n c e  the  c a r r i e r  v e l o c i t y  a t  any time may be w r i t t e n  . 

t ho  s i tua t ion  in positLon (I-), and is the  number Of pairs 

V B  p s i n  w t  (assuming t h a t  both types  of c a r r i e r s - e l e c t r o n s  
and ho le s  have t h e  same m o b i l i t i e s )  the  displacement is 

The number d e n s i t y  6€ c a r r i e r s  has been measured by several 
experimenters .  
60°K, a va lue  of 2 x 1 0  
for p y r o l y t i c  g r a p h i t e  - a h igh ly  o r i e n t e d  but  non-ideal 
g r a p h i t e .  We s h a l l  use  this va lue .  A s  has been d iscussed  
r e c e n t l y  (Wickramasinghe, e t  a l .  1966), t h e r e  are i n d i c a t i o n s  
from i n t e r s t e l l a r  p o l a r i z a t i o n  data t h a t ,  though small g r a p h i t e  

Xn the temperature range of i n t e r e s t ,  30°K- 
18 -3 cm has been found by 'Klein (1962a) 
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g r a i n s  may be rounded s p h e r i c a l  p a r t i c l e s ,  l a r g e r  g r a i n s  are 
t y p i c a l l y  f l a t  and p l a t e - l i k e .  I t  is t h e  l a r g e r  p a r t i c l e s  
which w i l l  e x h i b i t  t h e  an iso t ropy  w e  des i re  f o r  t h e  process  
under d i scuss ion  here. The p l a t e - l i k e  g r a i n s  are sometiines 
thought of as a l l  having t h e  same th i ckness  b: however, it is 
l i k e l y  t h a t  b is a s lowly i n c r e a s i n g  f u n c t i o n  w i t h  r ,  t h e  

p l a t e  r a d i u s .  The number of c a r r i e r s  p e r  g r a i n  may then be 
w r i t t e n  2 x lo1’ rrr2 b ( r ) .  

b ( r )  were known (which it is  not)  t h i s  number would be suspec t  
f o r  v a r i o u s  reasons .  First, carrier d e n s i t y  is extremely 
s e n s i t i v e  t o  impuri ty  and t o  c rys t a l  imperfec t ions ,  and the  
occurrence of these f a u l t s  i n c r e a s e s  w i t h  t h e  s ize  o f ‘ t h e  
g r a i n ,  Second, there is a tendency f o r  c u r r e n t s  t o  move on 
t h e  s u r f a c e  of conductors ,  so  t h a t  for larger g r a i n s ,  perhaps I 

- not  a l l  of the e l e c t r o n s  and holes  c o n t r i b u t e  t o  t h e  d ipo le  
moment, I n  view of the ev ident  u n c e r t a i n t y  on t h i s  p o i n t ,  w e  

Even i f  t h e  f u n c t i o n a l  form of . 

s h a l l  in t roduce  a parameter m and t ake  t h e  number of carriers 
i n  t he  g r a i n  t o  be 2 x 10’’ rrb rm, where b is now a cons t an t  
t y p i c a l  t h i ckness  of the  gra2hite p l a t e s ,  and m is a number i n  
the v i c i n i t y  of 2. We then  hzve 

bJ 

which w e  write as Urm/U, where M becomes 30 vVL Bb. 
mob i l i t y  which is u s u a l l y  quoted i n  p r a c t i c a l  u n i t s ,  not  e . s . u .  
which w e  u s e ,  is m u l t i p l i e d  x 300. I t  changes r a p i d l y  w i t h  
impur i ty  concen t r a t ion  i n  g r a p h i t e  and w i t h  d i s r u p t i o n  of t h e  

5 2  l a t t i c e  s t r u c t u r e  (Kle in  196253). A h igh  mobili ty, ,  - 10 c m  / 
v o l t .  s .  for ideal  g r a p h i t e  (Soule 1958), is app l i cab le  only 
t o  i d e a l  gi-aphite, and is r a p i d l y  reduced t o  - 10 c m  / v o l t . s .  
by e i ther  d i so rde r  or impuri ty .  
va lue  of 4000 c m  / v o l t . s .  measured by Klein (1962a) f o r  pyro- 
l y t i c  g r a p h i t e  as  we do no t  expect  t h e  g r a i n s  t o  be q u i t e  pure 
nor t o  have ideal  order, 

The 

3 2  

We adopt f o r  t h e  mob i l i t y  t h e  
2 
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The u s e  of t h e  concept  of mob i l i t y ,  which is a time- 
averaged effect ,  is j u s t i f i e d  as l ong  as t h e  pe r iod  of o s c i l l a t i o n  
of the  e f f e c t i v e  electric f i e l d  is much longer  t h a n  t h e  
r e l a x a t i o n  t i m e  of t h e  carriers i n  the conduct ion band. I n  
t h e  case of g r a p h i t e  t h e  r e l a x a t i o n  t i m e  is of t h e  order of 

seconds,  s o  t h i s  c o n d i t i o n  is s a t i s f i e d .  

. 
111. THE PUltTER SPECTRUM FROM THE ROTATING GRAINS 

Classical  e l ec t romagne t i c  t heo ry  shows t h a t  an  electric 
d i p o l e  p which is t i m e  va ry ing  i n  such a way t h a t  i ts second 
d e r i v a t i v e  w i t h  r e s p e c t  t o  t i m e  is n o t  zero w i l l  r a d i a t e ,  
t h e  power r a d i a t e d  be ing  g iven  by (see,  e.g. Cheston 1964) 

- 

i n  c .g . s .  u n i t s ,  where to denotes  us ing  t h e  re tarded va lues .  
This  expres s ion  is a p p l i c a b l e  t o  a d i p o l e  which is va ry ing  
i n  t i m e  but fixed i n  d i r e c t i o n .  However, a d i p o l e  whose 
o r i en ta t ion  i s  a l s o  a func t ion  of time may be replaced, i n  
g e n e r a l ,  by t h r e e  l i n e a r  d i p o l e s ,  w i t h  t h e i r  moments d i r e c t e d  
a long  three f ixed  mutual ly  perpendicular  d i r e c t i o n s  (Born and 
Wolf 1959). S ince  our d i p o l e s  r o t a t e  i n  a p l ane  w e  may 
deal i n s t e a d  w i t h  two d i p o l e s  po in t ing  i n  f i x e d ,  mutual ly  
pe rpend icu la r  d i r e c t i o n s ,  and c a l c u l a t e  the second d e r i v a t i v e s  
of these components, adding  t h e  r e s u l t s  t o  o b t a i n  the  power 
g iven  by equa t ion  ( 6 ) .  L e t  t h e  two component d i p o l e s  l i e  
a long  mutual ly  pe rpend icu la r  axes OZ and OY which are  p a r t  
of a r i g h t  hand s e t  O(XYZ) as  i n  F i g ,  XI, and l e t  .OZ be 

c o i n c i d e n t  w i t h  t h e  t = 0 a x i s  of t h e  g r a i n .  Then t h e  
component d i p o l e s  are 

TiVe are  concerned w i t h  c a l c u l a t i n g  the  power r a d i a t e d  from 
t h i s  system a t  a gene ra l  p o i n t  P def ined  by s p h e r i c a l  polar 
ang les  (el, cp,) , OZ be ing  t h e  p o l a r  a x i s  as  shown. F r o m  



d i p o l e  p1 on a x i s  02 t hen  t h e  dominant f i e l d s  are (Born and 
Wolf 1959) - H<f$ d P s h  8, (8a) 

( 1  d2 where p1 denotes  dtg pI;  sild s i m i l a r l y  from d i p o l e  p2 on a x i s  
OY t h e  fields a r e  . 

where Q2 is given by t h e  s p h e r i c a l  po la r  coord ina te s  ( e 2 ,  rp,) 
of p o i n t  P r e f e r r e d  to OY a s  po la r  a x i s .  

A t  t h e  sample p o i n t  P the i n t e r f e r e n c e  of t h e  two 
wave t r a i n s  is measured by -e1 -82, and i n  t h e  c a l c u l a t i o n  
of t h e  power output  we i n t e g r a t e  t h i s  term over a l l  angles .  
I t  is e a s i l y  s e e n  from F i g .  11 t h a t  i f  @ is the  angle  between 
E and E then  

E E 

-% 082 

The angular  p a r t  of t h e  i n t e g r a t i o n  may then  be shown t o  be 
zero. 

i n t e g r a l s  over a l a r g e  sphere  of t h e  Poynting v e c t o r s  and 
Hence the t o t a l  power w i l l  be given by t h e  sum of t h e  

where 

c (11) 
c - L 

B 
S u b s t i t u t i n g  from equat ion  (7) i n t o  (11) we o b t a i n  far t h e  
power 

- dia 0 
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t h e n  averaging  t h e  power g iven  by (12) over  a complete 
r o t a t i o n  of the g r a i n ,  t h e  power is given p e r  r o t a t i o n  of 
t h e  g r a i n  by 

0 

Expression (12) shows t h a t  t h e  r a d i a t i o n  is p e r i o d i c ,  w i t h  
frequency v given by 2nv = (a). 

from a l l  g r a i n s  i n  a s p e c i f i e d  frequency range  v ,  v + dv,  
To do t h i s  w e  must take account  of t h e  d i s t r i b u t i o n  of s izes  
of t h e  g r a i n s  and a l s o  of t h e  d i s t r i b u t i o n  of angu la r  v e l o c i t y  
among g r a i n s  of t h e  same r z d i u s .  

L e t  t h e  t o t a l  number of g r a i n s  of a l l  r a d i i  be N pe r  c m  . 
These g r a i n s  are  d i s t r i b u t e d  i n  r a d i i  so  t h a t  f(r)  d r  is the  
number w i t h  r a d i i  between r and r + d r .  

We are concerned w i t h  c a l c u l a t i n g  i n t e n s i t y  of r a d i a t i o n  

3 

Obviously,  

S t eche r  and Donn (1965) have found t h a t  t h e  Oort-van de Huls t  
s ize  d i s t r i b u t i o n  o r ig ina lZy  proposed for ice g r a i n s  g i v e s  
a s a t i s f a c t o r y  r e p r e s e n t a t i o n  of i n t e r s t e l l a r  e x t i n c t i o n  for 
g r a p h i t e  sphe res .  We t h e r e f o r e  s e t  

where r1 = 6 . x  lom6 c m .  Normalizing (15) w i t h  (14) gives 

Let us suppose t h a t  t he  number of g r a i n s  wi th  r a d i i  
between r and r + d r  which have angular  v e l o c i t i e s  between 
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. w and w + dw is nr(w)dwdr. Obviously 

A s  mentioned i n  Sec t ion  I1 t h e  angular  v e l o c i t y  of t h e  g r a i n s  
is c o n t r o l l e d ,  under t h e  cond i t ion  of e q u i p a r t i t i o n ,  by t h e  

temperature  of the gas.  Bowever, there  w i l l  be a Boltzman 
d i s t r i b u t i o n  of angular  v e l o c i t i e s  about t h e  mean va lue  
determined by equat ion  (I). Writ ing down a Boltzman d i s t r i b u t i o n  
f o r  t he  angular  v e l o c i t y  and normalizing by equat ion  (17) 
w e  f i n d  

. 

The t o t a l  power r a d i a t e d  pe r  r o t a t i o n  from a l l  g r a i n s  at: a l l  
f r equenc ie s  can now be w r i t t e n  down: it is 

(19) 
.d' c 
03 

Since  w e  a r e  i n t e r e s t e d  i n  t h e  power r a d i a t e d  as a func t ion  
of frequency w e  do no t  carry o u t  t h e  i n t e g r a t i o n  i n  (19) 
over w ,  only over r .  Remembering t h a t  dw = 2 n d ~  w e  may 
now choose dv t o  be 1 c/s s o  t h a t  the r e s u l t i n g  express ion  
is t h e  power r a d i a t e d  by a l l  t he  g ra ins  per  cycle per  second. 
I t  is: 

Reca l l ing  t h e  arguments mentioned i n  11 concerning t h e  s ize  
and shaps  of t h e  g r a p h i t e  g r a i n s ,  it is r e a l i z e d  t h a t  we a r e  
concerned only w i t h  the  t a i l  of t h e  d i s t r i b u t i o n  described by 
equat ion  (15). We t h e r e f o r e  r e p l a c e  f ( r )  i n  the  express ion  
(20) by ' T ( F ,  a su i tab le  average value for t h e  larger 
p a r t i c l e s ,  i n t roduc ing  a parameter 13 such  t h a t  13 = m/€(O) . 
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These arguments a l s o  concern t h e  a n a l y t i c  form w e  choose f o r  
t h e  moment of i n e r t i a  I .  For a p l a t e  of s t anda rd  th i ckness  
X v a r i e s  a s  r4, and f o r  a sphere 1: - r . I f ,  as has  been 
sugges ted ,  t h e  th i ckness  of the p l a t e  is a s lowly vary ing  
f u n c t i o n  of the r a d i u s  then  I - rn where n is a parameter 
between 4 and 5. I n  view of t h e  u n c e r t a i n t y  here, we  choose 
t o  l e a v e  n unspec i f i ed .  Wri t ing . 

5 

(20) becomes 

where is t h e  gamma func t ion .  Expression (21) r e p r e s e n t s  
the power i n  e r g s  sec’l ~ m ‘ ~  (c/s)-l r a d i a t e d  by t h e  g r a i n s .  

I V .  ASTROXOR41 CAL APPLICATIONS 

I t  is the purpose of t h i s  s e c t i o n  t o  show t h a t  by ass ign ing  
c r e d i b l e  va lues  t o  t h e  parameters i n  express ion  (21) t h e  

c h a r a c t e r i s t i c s  of the g a l a c t i c  non-thermal r a d i o  no i se  can be 
reproduced. These c h a r a c t e r i s t i c s  a r e  t h e  s p e c t r a l  index and 
i n t e n s i t y ,  and they are determined p r i n c i p a l l y  by our choice  
of m and n.  The procedure w e  adopt is t o  g ive  va lues  t o  as  
many parameters  as p o s s i b l e ,  express ing  the  r a d i o  i n t e n s i t y  i n  
terms of VL , B ,  w ,  T, t h e  pa th  l e n g t h  1, and t h e  parameters 
m 2nd n. Then m and n may be chosen t o  g ive  the observed 
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s p e c t r a l  index and t h e  r e s u l t i n g  express ion  f o r  i n t e n s i t y  
i n  terms of V’ , 13, 1, T compared w i t h  observa t ion .  

j3 = b = c m ,  and L = 3 g m  ~ m - ~ ,  By r e f e r r i n g  
to Fig .  111 we see t h a t  of s i x  p o s s i b l e  o r i e n t a t i o n s  only 
two a r e  i n  a p o s i t i o n  r e l a t i v e  t o  the induced e lectr ic  f i e l d  
to g i v e  a changing d i p o l e  moment. I n  the  n o t a t i o n  of t h e  

f i g u r e ,  these are 2 and 5. This  r e s u l t  w i l l  a l s o  be t r u e  
i n  the gene ra l  c a s e  when t h e  o r i e n t a t i o n s  of t h e  g r a i n s  are 
random, and s o  i n  (21) w e  s h a l l  use not  N bu t  3N. 
(21) g ives  t h e  i n t e n s i t y  i n  e r g s  sec-1.cm-2 (c / s ) - l  as 

W e  choose t h e  fo l lowing  va lues :  N = 3 x 10 -11 cm-3 ? 

1 Expression 

2 
W e  now i d e n t i f y  the  spectral  index of 1-4: - 
observed va lue  of -0.6. P a i r s  of va lues  of m and n which can . 
s a t i s f y  t h i s  requirement a r e  n = 4, m = 1 .2 ;  n = 4.5, m = 1.3; 
n = 5, m = 1.5 .  The l a s t  p a i r  of va lues  is i n  best agreement 
w i t h  t he  arguments expressed i n  Sec t ion  11, and w e  s h a l l  
adopt  these va lues  f o r  m and n.  We then  have a s  t he  i n t e n s i t y  

w i t h  t h e  

Af te r  t he  choice of s p e c t r a l  index,  t h e  s e l e c t i o n  of a pa i r  
of m ,  n va lues  has l i t t l e  effect  on (23), a v a r i a t i o n  of - 20% 

1 appearing; because of t h e  term n r. 
i n  t he  g a l a c t i c  p lane  a s  3.8 x 10 -I7 ergs sec 
Assuming the  g r a i n s  a r e  r e s p o n s i b l e  f o r  t he  r a d i a t i o n  a t  t h i s  

frequency w e  have 

Al len  (1963) quotes  t h e  i n t e n s i t y  a t  100 Mc/s measured 
-1 -2 c m  sterad-’. 



I n  t h e  p l ane  Of the  galaxy there are  two t y p i c a l  t empera tures  
f o r  the i n t e r s t e l l a r  medium, a s s o c i a t e d  w i t h  H I  and H I 1  r e g i o n s .  
These tempera tures  are  around 100°K and 1 0  ,OOO°K r e s p e c t i v e l y .  
However, the  1311 r e g i o n s  are  r e l a t i v e l y  small  and i f  t hey  . 
do r ad ia t e  w i l l  form l o c a l i z e d  sources .  I n  t h i s  c a l c u l a t i o n  
w e  are  concerned o n l y  w i t h  t h e  gene ra l  bzckground r a d i o -  
emission.  S u b s t i t u t i n g  i n  (24) 2 p z t h  l e n g t h  1 of 10 kpc 
t y p i c a l  f o r  t he  g a l a c t i c  p l a n e ,  and a tempera ture  of lOOoX 
we f i n d  VA B = 6.  This  means t h a t  f o r  a f i e l d  of lom6 gauss ,  
i f  t h e  g r a i n s  have a v e l o c i t y  of a f e w  k i lome te r s  a second 
across the f i e l d  t h e n  t h e  process w i l l  work. A f i e l d  of t h i s  
size is too s m a l l  by a n  order of magnitude t o  dominate t h e  
motion of the  i n t e r s t e l l a r  c iouds ,  and s o  it seems q u i t e  
r easonab le  t o  expec t  t h a t  the g r a i n s ,  as  p a r t  of a n  i n t e r s t e l l a r  
c loud ,  w i l l  have v e l o c i t i e s  of kilome.t;ers a second'across  the 
f i e l d  l ines . .  

We have shown t h a t  a s s i g n i n g  credible  va lues  to t h e  
v a r i o u s  parameters  i n d i c a t e s  t h a t  g r a p h i t e  g r a i n s  could  be 
the  source  of t h e  ga lac t ic  non-thermal r a d i a t i o n .  We must 
a lso ask i f  t h e  p rocess  w i l l  run.down a l lowing  fo r  t h e  fact  
t h a t  the energy of r a d i a t i o n  has its source i n  t h e  t r a n s l a t i o n  
of t h e  g r a i n  a c r o s s  t h e  f i e l d .  There a r e  two p o s s i b l e  
mechanisms. F i r s t ,  t h e  r a d i a t i o n  p r e s s u r e  as  the r a d i o  photon 
is e m i t t e d  w i l l  t e n d  t o  slow down t h e  r o t a t i o n  of t h e  g r a i n ;  
however, t h i s  p rocess  can e a s i l y  be shown t o  be n e g l i g i b l e .  
Second, the  r o t a t i o n  can be slowed by c u r r e n t s  induced by t h e  
extra electric f i e l d  g iven  by t h e  second term i n  equa t ion  ( 2 ) .  
T h i s  s i t u a t i o n  has been t r e a t e d  by Rosenstock (1956) i n  con- 
s i d e r i n g  t h e  motion of an  a r t i f i c i a l  s a t e l l i t e  i n  the e a r t h ' s  
magnetic f i e l d .  An a p p l i c a t i o n  of t h i s  t heo ry  to t he  g r a i n s  
shows t h a t  t h e  r a t e  of s lov- '  , is n e g l i g i b l e . '  The conclus ion  
is, t h e r e f o r e ,  t h a t  t h e  g r a i n s  w i l l  be maintained i n  r o t a t i o n  
by thermal equ i l ib r ium and t h a t  the p rocess  
should  produce the  radio n o i s e .  It must be 

desc r ibed  here 
po in ted  out that 
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i n  p r i n c i p l e  the parameters m and n should  be a v a i l a b l e  from 
i n t e r s t e l l a r  o p t i c a l  p o l a r i z a t i o n  and e x t i n c t i o n  measurements. 
F u r t h e r  work i n  these f i e l d s  is r e q u i r e d  before such  deduct ions  
are p o s s i b l e .  

The t y p i c a l  spectrum of t h e - g a l a c t i c  r a d i o  n o i s e  has ,  as 

w e  have d i s c u s s e d ,  a spectral index of - 0.6 a t  f r equenc ie s  of 
about  100 Mc/s. However, as  t h e  frequency decreases  t h e  s p e c t r a l ,  
index a l s o  dec reases  and t h e  i n t e n s i t y  passes through a 
maximum a t  around lOiVc/s, 2kz4 
Below this .the i n t e n s i t y  f a l l s  r a p i d l y .  On the  model here 
d i scussed  there is a s imple  exp lana t ion  i n  t h e  f ac t  t h a t  there 
is a range  of sizes of f l a t  g r a i n s ,  bu t  t h a t  when measurements 
are made a t  lower f r e q u e n c i e s  (which a r e  produced by the l a r g e r  
g r a i n s )  there are fewer of the la rge  g r a i n s ,  s o  t h a t  t h e  
i n t e n s i t y  f a l l s  o f f .  Again, when from o p t i c a l  measurements 
some clearer idea of the  s ize  d i s t r i b u t i o n  is obta ined  t h i s  

i n t e n s i t y  diminut ion may r e a d i l y  be c a l c u l a t e d .  
F i n a l l y ,  it should  be noted t h a t  though w e  have a p p l i e d  

t h i s  meohanism Only tQ the  baGkgZCAiiId galaGtiG nsn-thermal 
r a d i a t i o n ,  it must obvious ly  be cons idered  fo r  l o c a l i z e d  sources  
as w e l l .  Although h ighe r  number d e n s i t i e s  of r e l a t i v i s t i c  
e l e c t r o n s  t h a n  g r a i n s  may be p o s s i b l e ,  the i n t e n s i t y  of the 
g r a i n  mechanism i n c r e a s e s  as  a f u n c t i o n  of magnetic f i e l d  
f a s t e r  than  the synchro t ron  mechanism and so may dominate i n  
h igh  f i e l d  c o n d i t i o n s .  Rad ia t ion  from a s i n g l e  o s c i l l a t i n g  

g r a i n s  should  e x h i b i t  some degree of p o l a r i z a t i o n .  

D r .  D. F i s c h e l  f o r  v a l u a b l e  d i s c u s s i o n s .  

d i p o l e  is f u l l y  p o l a r i z e d ,  so  the radio-emission from our i 

We are p leased  t o  expres s  our  g r a t i t u d e  t o  0-ur colleague 
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Legends f o r  t h e  F igures  

F igure  I 

( a )  is a r e p r e s e n t a t i o n  of t h e  ins tan taneous  o r i e n t a t i o n s  
of t h e  r o d  as  it r o t a t e s ,  and (b) g i v e s  the r e l a t i v e  induced 
e lectr ic  d ipo le  moment corresponding to any p o s i t i o n  dur ing  
t h e  r o t a t i o n .  ( c )  represe:?,ts by t h e  i n t e r c e p t  on the  c a r d i o i d  ' 

t h e  change i n  magnitude of t h e  induced d ipo le  moment, as t h e  

o r i e n t a t i o n  of  t h e  rod  r ep resen ted  by the r a d i u s  v e c t o r  
changes i n  the c y c l e  of r o t a t i o n  of the rod.  

F igure  II 

The sample p o i n t  P is l o c a t e d  w i t h  r e s p e c t  to the  r ec t angu la r  
axes  O(XYZ) by t h e  s p h e r i c a l  po la r  ang le s  (e1, e p , )  where OZ 
is t h e  p o l a r  a x i s .  
OZ t h e  r e s u l t a n t  dominate e lec t r ic  f i e l d  is E a s  shown. 

A compolzent d i p o l e  p2 l y i n g  along UP g ives  a n  electric f i e l d  
E , where (e2 ,  cp,) are t h e  ang le s  d e f i n i n g  P r e l a t i v e  t o  
t h e  axes O(XYZ),  OY be ing  regarded a s  t h e  po la r  a x i s .  

From t h e  component d i p o l e  p1 l y i n g  a long  

el 

02 

r " i  q..IY. I IXI 
Ar,Lh.. . 

An i d e a l i z a t i o n  of t h e  modes of r o t a t i o n  of %he g r a i n .  
Of t h e  siz p o s s i b l e  idealized modes only those  label led (2) 
and (5) possess an o s c i l l p - c '  g d ipo le  moment'. 
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